We report in situ observation of the nucleation and growth of ferroelectric 180°domains in congruent LiNbO 3 crystals. The domains nucleate and grow as six-sided polygons. The wall velocity measured at a constant field shows a spike-like behavior with time, suggesting a strong pinning-depinning type of growth mechanism. This behavior is similar to the corresponding transient current measurement which also shows current spikes during domain reversal. Many of these applications such as electro-optic lenses, 5 scanners, 6 and frequency converters 7 are realized through microengineering 180°domains in these crystals into various shapes and on diverse length scales using electric fields. Therefore it is important to understand the nucleation and growth mechanisms of these domains under electric fields.
Ferroelectric lithium niobate (LiNbO 3 ) and lithium tantalate (LiTaO 3 ) are technologically important materials with wide applications in nonlinear 1 and integrated optics, 2 holography, 3 and surface-acoustic-wave ͑SAW͒ devices. 4 Many of these applications such as electro-optic lenses, 5 scanners, 6 and frequency converters 7 are realized through microengineering 180°domains in these crystals into various shapes and on diverse length scales using electric fields. Therefore it is important to understand the nucleation and growth mechanisms of these domains under electric fields.
In situ electro-optic imaging microscopy was recently used successfully in imaging real-time 180°domain kinetics in congruent LiTaO 3 crystals under an external field. 8 In this work, we use electro-optic imaging microscopy to observe the nucleation and growth kinetics of 180°domains in congruent LiNbO 3 crystals under an external electric field.
The detailed experimental setup for electro-optic imaging microscopy is described in Ref. 8 . The basis of imaging is the refractive index contrast generated at a 180°domain wall through the electro-optic effect under a uniform external electric field. In a Z-cut LiNbO 3 crystal, the 180°domain wall is parallel to the trigonal ͓0001͔ axis. Under an external electric field E 3 in the Z direction, the ordinary refractive index n 0 will change to n 0 Ϯ⌬n 0 where 2⌬n 0 ϭn 0 3 r 23 E 3 , and r 23 is the electro-optic coefficient. For a congruent LiNbO 3 crystal, the coercive field is ϳ21 kV/mm, and r 23 ϳ8.4 pm/V, which gives rise to a ⌬n 0 ϳ9.1ϫ10 Ϫ4 . When this crystal is viewed under an optical microscope, the index difference of 2⌬n 0 across a domain wall gives rise to light scattering, which allows direct imaging in reflected or transmitted light. In addition, optical birefringence at the domain walls has been observed 9 in congruent LiNbO 3 crystals even in the absence of an external field which allows imaging using cross polarizers. This birefringence has been shown to be related to internal fields 9 and lithium nonstoichiometry. 10 It was found that the best contrast was obtained using a combination of electric field and the use of cross polarizers and Nomarski. 8 A special holder was designed to allow the application of high voltages while directly viewing the crystal under an optical microscope in transmitted light. 6 The imaging contrast arises from the Fresnel diffraction of light by the domain walls in the crystal bulk which gives rise to dark and bright fringes generated by destructive or constructive interference of the diffracted light. This is observed by using a collection objective of 4ϫ ͑ϳ0.16 NA; depth of field ϳ20 m͒ with focus inside the bulk of the crystal. cording of optical images was performed simultaneously. A regular VCR with 30 frames/s was used in this study, which was subsequently digitized using a video card in a personal computer. The final resolution was a 6ϫ6 m pixel size and 160ϫ120 pixels image space.
The congruent Z-cut LiNbO 3 wafer used in this study was 0.25 mm thick. The coercive field for this wafer was measured to be 21.5 kV/mm. An external electric field of 21.6 kV/mm was applied as a step voltage as shown in Fig.  1͑a͒ along with the resultant transient current data. The transient current shows a series of spikes resulting from the domain reversal in the entire electrode area. These spikes are more clearly seen in the expanded view of a small range of these current data as shown by the solid line curve in Fig.   FIG. 2 1͑b͒. Overlapped on this plot are also two different measurements of the sideways wall velocities ͑shown as circles and triangles connected by a broken line͒ of a 180°domain front measured from the video data as discussed in detail below. Figure 2 shows a sequence of selected frames from the video data on congruent LiNbO 3 wafer. The polarization axis is normal to the image plane. In Fig. 2 the 18 frames labeled 2͑a͒-2͑r͒ show the 180°domain microstructure in the wafer at different times t after the application of the voltage pulse. The frame times shown are chosen at unequal intervals to reflect the nature of the ''jerky'' movement of the principal domain wall front, III, seen first in frame ͑f͒. The image contrast in the figure is original, and has not been modified in any way. The only additions made are the superimposition of text and arrow labels. Some important observations can be made from this figure.
͑1͒ The nucleating domains are six-sided polygons, all having the same orientation of the domain walls with respect to the crystallographic x and y axes shown in frame ͑a͒. The y axis lies in the mirror plane. The six sides are best seen in the domain labeled I in frame ͑a͒ after it has grown larger ͓see frames ͑e͒ through ͑m͔͒. A single 120°corner of a hexagon is also seen clearly in the top left-hand corner of the large domain front III in frame ͑p͒. These are consistent with similar observations of domain shapes reported before.
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͑2͒ Independently growing domains ͑domains spatially well separated from other nuclei͒ appear to have sideways growth velocities, v s ranging from no motion (v s ϳ0) at times to an estimated value on the order of ϳ0.1-1 m/s. On the other hand, adjacent nuclei which are close together in a cluster merge rapidly to form a much larger polygonal domain enclosing the cluster. For example, the domain cluster labeled II merges from frame ͑d͒ to ͑e͒ and cluster I merges from frame ͑a͒ through ͑e͒. However, after the merger, these independent domains do not appear to show any further significant growth until they are overrun by another larger domain in frames ͑k͒ and ͑n͒, respectively. ͑3͒ A larger merged domain front labeled III appears in the field of view in frame ͑f͒ and sweeps through the frame. The velocity of this front is measured as a function of time at the locations, and in the direction, of the two arrows shown in frame ͑f͒. These two sets of measurements are shown in Fig. 1͑b͒ as triangles and circles connected by a broken line. The velocity appears to show a jerky behavior with time ranging from zero to ϳ0.8 cm/s in this measurement, qualitatively similar to the transient current data. Here the value of 0.8 cm/s should be interpreted as a lower limit for the maximum velocity at this field, since our smallest time resolution is limited to one frame interval ͑33 ms͒. It also appears from Fig. 1͑b͒ that there is a possible quantitative correlation between the velocity measurement and the transient current data. Ideally, for the same area of measurement for transient current ͑I͒ and sideways wall velocity (v s ), a single domain front such as III, sweeping across the area with width W would give rise to a transient current Iϳ2v s WP s . However, in this measurement, the transient current reflects the domain reversal process in the entire electrode region ͑area of 4 mm 2 ͒ while the velocity measurement is for a single domain front passing through an area of 0.97ϫ0.73 mm at the center of this electrode region. Therefore, this correlation though expected, is somewhat fortuitous in this case, perhaps due to the fact that this domain front is large enough to dominate the kinetics in the time interval shown. ͑4͒ In Fig. 2 , smaller domains which have been overrun by the larger domain still appear to show some contrast after being overrun as clearly seen in frames ͑j͒-͑q͒. This residual contrast exists despite the absence of a domain wall at the original location, and it decays with time typically on the time scale of ϳ1 s. This contrast appears to be related to the presence of strains adjacent to 180°domain walls in LiNbO 3 and LiTaO 3 , 11 which in turn are related to the presence of lithium nonstoichiometry based point defect complexes. 9, 10 The residual contrast at the original location of a domain wall disappears as the strain relaxes at that location.
In conclusion, we have observed the real-time kinetics of 180°domains in LiNbO 3 crystals using in situ video based electro-optic imaging. The spike-like transient current data during domain reversal have been shown to be due to a jerky motion of domain walls as reflected by similar behavior of wall velocity with time as directly measured from the video data. This behavior is strongly suggestive of a pinningdepinning type of mechanism for domain wall motion where a domain wall moves through pinning sites 11 which indicate that domain nucleation preferentially starts at the edges of the electrode which then merge to form a few dominant domain wall fronts ͑such as domain III in Fig 2͒. The dependence of the area fraction of reversed domains with time is predominantly controlled by the kinetics of these fronts. The significant differences between the domain kinetics in congruent LiNbO 3 and congruent LiTaO 3 crystals for electric fields near the coercive fields are ͑a͒ the nucleating domains are triangular in shape 8 in congruent LiTaO 3 while they are six sided 9 in congruent LiNbO 3 ͑b͒ the independently growing domains show a steady state velocity with time at a constant field in LiTaO 3 while the velocity consists of a series of spikes with time at a constant field in LiNbO 3 .
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